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The haem-copper oxidases comprise a large family of enzymes that is widespread among aerobic organisms. These remarkable membrane-
bound proteins catalyse the respiratory reduction of dioxygen to water, and conserve free energy from this reaction by operating as proton pumps.
The mechanism of redox-dependent proton translocation has been elusive despite the availability of high resolution crystal structures from several
oxidases. Here, we discuss some recent as well as some older results that may shed light on this mechanism. We conclude that proton-pumping is
initiated by vectorial proton transfer from a conserved glutamic acid (Glu242 in the bovine enzyme) to a proton acceptor above the haem groups,
and that this primary event is mechanistically coupled to electron transfer from haem a to the binuclear haem a3/CuB centre. Subsequently, Glu242
is reprotonated from the negatively charged side of the membrane. Next this proton is transferred to the binuclear site to complete the chemistry,
Glu242 is reprotonated once more, and the “prepumped” proton is ejected on the opposite side of the membrane. The different kinetics of electron-
coupled proton transfer in different steps of the catalytic cycle may be related to differences in the driving force due to different Em values of the
electron acceptor in the binuclear site.
© 2006 Elsevier B.V. All rights reserved.Keywords: Electron transfer; Proton transfer; Energy transduction; Cell respiration1. Introduction
Dioxygen reduction in the catalytic cycle of cytochrome c
oxidase is fairly well understood (Fig. 1). Since O2 reduction to
water requires four electrons, and only one electron is
transferred at the time to the binuclear haem a3/CuB site,
intermediate states of that site are formed in the cycle, and may
be monitored by time-resolved spectroscopic techniques [1,2].
O2 binding to the reduced binuclear site is followed by
essentially a single step of internal four-electron reduction of the
bound O2 molecule, which generates the PM intermediate: The
O–O bond is broken and the two oxygen atoms are bound, one
to the haem, which forms a ferryl species, and the other to CuB
as an OH− ligand. Two of the required electrons derive from
haem a3 and the third from CuB. The fourth electron equivalent
presumably derives from a conserved tyrosine residue in the siteAbbreviations: ΔΨ, membrane potential; Em,7, midpoint redox potential at
pH 7; eT, electron transfer; N-side, negatively charged side of the membrane;
pmf, protonmotive force or electrochemical proton gradient; P-side, positively
charged side of the membrane; WT, wild type
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four oxidising equivalents and is analogous to the S4 state of the
water-oxidising manganese cluster of Photosystem II. In each
subsequent reaction step of the cycle, one electron is transferred
to the binuclear site, accompanied by net uptake of a “substrate
proton”. Each of these four reaction steps is also coupled to
pumping of one proton across the membrane [4].
Also shown in Fig. 1 is the alternative path taken when the
fully reduced enzyme reacts with O2, i.e., when apart from the
binuclear site also the CuA and haem a centres are reduced prior
to the reaction. In this much studied case, the A→P transition is
accompanied by transfer of an electron from haem a to the
binuclear site, in which case the product is the PR state. The
structure of PR is otherwise similar to PM, but the fourth electron
required for O–O bond scission has been donated from haem a,
rather than from the tyrosine [5]. Net protonation of the PR state
ensues next to form the F state, and this reaction has been shown
to be linked to proton translocation [6,7]. It is of particular
interest that this sequence of events is the only case known thus
far where electron transfer into the binuclear site (i.e., during
A→PR) is kinetically distinguishable from net proton uptake
and proton pumping (during PR→F).
Fig. 1. Catalytic cycle of cytochrome c oxidase. The rectangles depict the
binuclear centre with haem a3, CuB and a conserved tyrosine residue in different
states of the cycle. Pink arrows show the sequence when the fully reduced
oxidase reacts with O2. Blue arrows show the “reductive” phase. The subscript
in the C state nomenclature describes the number of oxidising equivalents in the
centre. Red arrows depict reactions that include proton pumping events. As
shown in this paper, also the reaction A→PR should be included in this
category. H+ describes net uptake of a proton to form the equivalent of water.
Table 1
Measured Em,7 values and driving forces in the catalytic cycle
Em(obs) [mV] Em,7(obs) [mV] Em,7(pmf=0) [mV] −ΔG [eV]
PM→F 375 (pH 7.7) 417 817 0.56
F→O 350 (pH 7.2) 362 762 0.50
O→E 400 0.14
E→R 400 0.14
R→A 0
A→PM 0.22
Sum of driving forces 1.56
The observed Em values (Em(obs)) are from redox titrations in intact
mitochondria at a high pmf [12]. They are corrected to pH=7 by assuming
that one net proton is taken up on reduction [29]. The correction to pmf=0
assumes that each reaction is associated with translocation of two electrical
charges across the membrane [4,8], and that the pmf is 200mV. The driving force
(−ΔG) is obtained from the difference in redox potential between cytochrome c
(0.26 V) and the Em,7 (pmf=0) of the acceptor redox couple (see text).
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of the catalytic cycle (O→R, Fig. 1), which has been shown to
be coupled to proton translocation provided that it occurs
immediately after the oxidative phase [4,8], but where the
driving force for proton-pumping appears to be far too small.
2. Metastable catalytic states of the binuclear site
The cycle described above applies only for continuous
turnover. Reduction of the oxidised enzyme (as isolated) from
the O state to the R state is not linked to proton pumping.
Therefore, a different O state (called OH, or O∼) was postulated
to be an immediate metastable product of the oxidative phase of
the cycle [4,8], which relaxes to O in the absence of an electron
source. The structural and thermodynamic difference between
these two states is not yet understood, but may well be related
to the fact that reduction of state O to state R appears to be
thermodynamically insufficient to drive proton translocation
based on available Em data: anaerobic redox titrations have
shown that the midpoint redox potentials of haem a3 and CuB
are both <0.4 V [9]. Since the Em of the donor, cytochrome c, is
0.26 V, the driving force is <140 mV, which is insufficient to
drive translocation of two charge equivalents against a
protonmotive force higher than 70 mV. Although some help
may be obtained from high ratios of the relative occupancy of
the redox couples involved ([O]/[E] and [E]/[R]), these ratios
would have to attain such extremes to yield sufficiently high
acceptor potentials that kinetic performance (e.g., the rate of O2
binding) would be compromised. The apparently very low
driving force for the redox reactions in the reductive phase
contrasts to the much higher force in the oxidative phase, where
the Em values of the tyrosine radical and ferryl haem electron
acceptors are expected to be in the 0.8 V regime ([10,11]; see
below).The above survey suggests that the Em of reduction of the
metastable OH state might be considerably higher than the Em of
O. This possibility may be tested by a different independent
approach. The sum of the free energies of the partial reactions in
the catalytic cycle must be equal to the overall free energy for the
reduction of O2 (Em ∼0.8 V per electron) by cytochrome c (Em
∼0.26 V), i.e., ∼2.2 eV. The Em,7 values for the PM/F and F/O
redox couples may be estimated from the results of redox
titrations in mitochondria at high protonmotive force ([12]; see
Table 1). The effect of protonmotive force (pmf) may be
corrected for, using the current knowledge that each of the two
transitions is coupled to translocation of two electrical charge
equivalents across the membrane [4], and this indeed yields Em,7
values near 0.8 V for these redox couples at zero pmf (Table 1). It
should be noted here that our previously estimated Em,7 values
for these redox couples were too high [13] because at that time it
was assumed that each of these reaction steps would be linked to
pumping of two protons in addition to the translocation of one
charge due to electron transfer and uptake of the substrate
proton. The driving forces for the O/E and E/R reactions are
obtained here by assuming Em,7=0.4 V for both couples (see
above). The remaining reactions in the cycle, i.e., O2 binding to
the R state, and conversion of R into PM, have free energies of ca.
0 and −5 kcal/mol (∼0.22 eV), respectively [14,15]. The overall
driving force obtained in this way is ca. 1.6 eV (Table 1).
Although conservative energies have been used in this estimate,
this is still 0.6 eV short of the driving force for the entire cycle
(2.2 eV), which supports the contention that the driving forces
during the reductive phase in the active enzyme may be
considerably higher than those deduced from the Em values
measured in anaerobic redox titrations.
3. The OH→E reaction step
Preliminary data has shown that photochemical electron
injection into the enzyme in the OH state results, first, in fast
reduction of CuA, followed by reduction of heme a by CuA
(τ ∼10 μs for the enzyme from P. denitrificans). The latter
electron transfer is accompanied by the first phase of ΔΨ
generation with the same kinetics (cf. [4]). Then follows two
Fig. 2. Mechanism of proton translocation. Left: Electron transfer from haem a
to the binuclear site initiates the pump mechanism by being coupled to an
internal proton transfer from Glu242 via the haem a3 Δ-propionate to a “pump
site” (blue circle) on the P-side of the haem groups. Reprotonation of Glu242 via
the D-pathway involves isomerisation of its side chain (red arrows). Right:
Proton transfer from Glu242 to the binuclear site produces the equivalent of
water. Together with reprotonation of Glu242, this causes ejection of the proton
from the “pump site”. Water molecules in the cavity above Glu242 may aid
proton transfer as described in [25].
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each accompanied by phases of ΔΨ generation with similar
amplitudes, and with rates corresponding to the rates of heme
a oxidation. We interpret these phases to correspond to (i)
loading the pump site with a proton, and to (ii) uptake of the
substrate proton with release of the “prepumped” proton,
respectively (Fig. 2). Corresponding optical spectra show that
the electron acceptor at the binuclear site is exclusively CuB,
in accord with the previous assumption that it is CuB that is
reduced in the step OH→E, although this has not been shown
experimentally before. This finding is in contrast to results
from anaerobic redox titrations where both haem groups and
CuB are found to have similar Em values for the first electron
[9], which again emphasises the point that these Em values
may not be relevant for the working enzyme. Although the
Em of CuB in state OH cannot be quantified from this data, it
is bound to be much higher than the corresponding Em values
of haems a and a3.
As further discussed below, we conclude that it is the
electron transfer from heme a to the binuclear site that initiates
the proton-pumping sequence, not reduction of heme a as
proposed in several previous models [16–19]. Moreover, we
suggest that electron transfer from heme a to the binuclear site is
tightly coupled to an internal proton transfer reaction of the
pump mechanism (contrast [7,20]; see below).
4. A proton transfer-linked electron transfer initiates
proton-pumping
There is only one reaction step in the catalytic cycle where
the electron transfer from haem a into the binuclear site is
readily distinguishable kinetically from the major charge
translocating process due to proton-pumping and net protonuptake (see Introduction). When the fully reduced enzyme is
allowed to react with O2, eT from haem a into the binuclear site
leads to the formation of the PR state (ca. 25 μs), which includes
splitting of the O–O bond (as during formation of PM), but
where the fourth electron derives from haem a rather than from
tyrosine. This reaction is quickly followed by the main phases
of proton-pumping and net electrogenic proton uptake, which in
the P. denitrificans enzyme occurs with τ ∼50–60 μs, as seen in
time-resolved measurements of membrane potential in lipo-
somes incorporated with oxidase [4]. These later events occur
during the transition from the PR state to F, and also include net
release of protons on the P-side of the membrane and uptake on
the N-side, as recently demonstrated by Faxén et al. [7]. Due to
the very close rate constants for the two sequential steps, and the
large amplitude of membrane potential formation during the
second phase, it has not been possible to discern with certainty
whether or not the electron transfer during the preceding
formation of the PR state is coupled to vectorial charge
translocation. In fact, up to now this event has been modelled
as electroneutral [6] since the eT from haem a to the binuclear
site occurs parallel to the membrane. However, we have
recently found that this eT reaction is, in fact, coupled to an
internal vectorial proton transfer reaction to the extent of
moving one charge equivalent ca. 30% across the membrane
dielectric [21,22], and with kinetics indistinguishable from the
eT, but clearly distinct from the subsequent PR→F reaction.
This was revealed in certain mutants, or at high pH, where the
high-amplitude membrane potential generation during PR→F
was either delayed or decreased in amplitude. The early
vectorial proton transfer has the same rate constant as the
electron transfer from haem a to the binuclear site during the
transition from state A to state PR (Fig. 1). Mutating Glu242 to
glutamine prevents this proton transfer, suggesting that Glu242
is the proton donor [22]. The proton acceptor is not known, but
cannot be the binuclear haem a3/CuB site, because if it were, the
proton transfer would produce intermediate F. We therefore
suggest that the proton acceptor is located at or above the haem
propionates on the P-side of the haem groups.
It has been shown that formation of PR (with accompanying
oxidation of haem a) still occurs in the Glu242Gln mutant [23].
However, we assess the amplitude of this eT during the A→PR
transition to be only about 50% in this mutant, whereas it is
complete in wild type enzyme: In WT enzyme haem a is fully
oxidised in PR (as revealed by a mutation that raises the Em of
CuA, abolishing re-reduction of haem a, ref. [24]), but re-
reduced by CuA to about 50% during formation of the F state. In
the Glu278Gln mutant, oxidation of CuA by haem a is strongly
delayed and yet the amplitude of haem a oxidation at the PR
stage is about the same as it is in the F state of WT enzyme [23].
Hence, whereas the PR state is the predominant product of the
A→P reaction in wild type enzyme, in the mutant it must be a
∼50/50 mixture of PR and PM. In the case where no proton is
transferred for pumping, nor to complete the chemistry at the
binuclear centre (Glu242Gln mutant), the Em of the binuclear
site redox centres is thus comparable to that of haem a. The
“complete” oxidation of haem a in the WT enzyme during
A→PR therefore implies a much higher redox potential of the
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simultaneously transferred “prepumped” proton.
It is interesting that the reaction steps coupled to proton
pumping appear to have different kinetics in the A→PR→F
sequence (25 and 50–60 μs, in the Paracoccus enzyme) from
those during OH→E (100 and 800 μs). However, the equivalent
of the internal proton transfer linked to eT during A→PR is not
discerned as a separate reaction step during OH→E, where the
amplitude of the 100 μs ΔΨ formation indicates that this
reaction includes reprotonation of Glu242 from the N-side of
the membrane. Nevertheless, complete proton-pumping during
A→PR→F is clearly much faster than during OH→E, and also
much faster than during F→O6,23,24. If the mechanisms of
proton-pumping are essentially the same, this may imply that
the driving forces are different. This possibility is supported by
the observation that in the former case eT from haem a to the
binuclear site is essentially complete already during the internal
proton transfer from Glu242, whereas during OH→E only
about 35% of the eT occurs during the initial 100 μs phase. The
slower kinetics of the F→O transition, which are similar to
those during OH→E, may also be explained by the lower
driving force (Table 1), and by the more extensive protonic rate
limitation than is the case for the P→F transition.
5. The water-gated mechanism of proton translocation
We have proposed that water molecules in the hydrophobic
cavity on the P-side of Glu242 would not only be involved in
Grotthuss proton transfer from Glu242 to the binuclear site,
and for pumping, but that their redox state-dependent
orientation might provide a gate, or a switch, that determines
the proton transfer pathway ([25]; Fig. 2). One of the major
problems with this proposal was the transition A→PR→F in
the catalytic cycle, where the first reaction step associated with
electron transfer from haem a to the binuclear site was not
thought to be linked to proton transfer [6]. If that had been the
case, the water-gated mechanism would have failed because
the initial electron transfer would be expected to reorientate the
water molecules for proton transfer into the binuclear site
whereby proton-pumping would be compromised. However,
the present new finding that electron transfer from haem a to
the binuclear site is kinetically coupled to vectorial proton
translocation from Glu242 to a “pump site” above the haem
groups ([21,22], see above) removes this problem. We
conclude, therefore, that the water-gated mechanism passes
this critical test. However, a major question still remains with
this mechanism, viz. whether or not the orientation of the water
molecules to promote proton transfer from Glu242 to the
“pump site” (but not to the binuclear site) will prevail over a
time period of milliseconds that would be necessary to prevent
uncoupling of the pump mechanism.6. Conclusions
We conclude that the mechanism of proton translocation by
cytochrome c oxidase is initiated by electron transfer fromhaem a to the binuclear site, which is kinetically linked to an
internal vectorial proton transfer reaction from Glu242 to a site
above the haem groups (“prepumped proton”). The identity of
the acceptor site is unknown, but could be one of the
propionates of haem a3 [26,27], the δ-nitrogen of the CuB
ligand His291 [28], or the proton may have a more diffuse
distribution in the hydrophilic space above the haem groups.
We ascribe this proton transfer to be the first reaction step of
the proton-pump that drives the mechanism. It precedes further
steps of reprotonation of Glu242, proton transfer from Glu242
to the binuclear site, reprotonation of Glu242 once more, and
release of the prepumped proton towards the P-side of the
membrane.Acknowledgements
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